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Abstract 
In this paper, a first evaluation of the compatibility between thermal donor-doped Czochralski silicon and the hydrogenated 
amorphous Silicon/crystalline Silicon heterojunction technology, is presented. The wafers resistivity was adjusted thanks to the 
controlled thermal donors generation through 450°C anneals of calculated durations, following a model detailed in this paper. 
Minority carrier lifetimes higher than 2 milliseconds, matching the requirements of the heterojunction technology used, were 
demonstrated. The solar cells were manufactured and efficiencies comparable to cells based on “high quality” Float-Zone 
substrates were obtained. The stability of the solar cells performances under illumination and temperature was also assessed, and 
revealed no degradation of the bulk quality even after prolonged illumination. 
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1. Introduction 
Doping of the silicon (Si) feedstock with intentional elements – in general boron or phosphorus – is an essential 
step to control the final ingot resistivity. Dopants are in general introduced in the form of powders, or highly doped 
wafers usually elaborated for this purpose.  On top of the tedious management of these doping sources, the doping 
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step can introduce uncontrolled contaminations with metallic and/or light elements. This feedstock contamination 
can induce a degradation of the bulk carrier lifetime (τ) and the cell efficiency (η) [1]. 
To circumvent these issues, we investigate the potential of Czochralski (Cz) wafers produced from undoped 
electronic-grade (EG-Si) feedstocks for the fabrication of high efficiency hydrogenated amorphous Si/crystalline Si 
heterojunction (SHJ) n-type solar cells, which architecture is detailed in fig. 1. The resistivity (ρ) of the wafers was 
adjusted to a wide range of desired values with the help of the controlled generation of oxygen-related Thermal 
Donors (TD). On all but one of the fabricated wafers we measured τ>2 ms with radially homogenous ρ profiles, 
fully compatible with the manufacturing of high efficiency Si-HJ cells. These results were corroborated by the 
achievements of η comparable to those of Float-Zone (FZ) reference cells, demonstrating the strong potential of the 
TD-doping technique presented here. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Hydrogenated amorphous Si/crystalline Si heterojunction (SHJ) n-type solar cells. 
2. Thermal donors generation 
2.1. Modeling the change in wafer resistivity during TD generation 
A group of adjacent very high ρ (>1 kΩ.cm) p-type magnetic Czochralski wafers (MCz) were used as starting 
substrates (125x125 mm² PSQ, chemical-mechanical polished (CMP)). The finite ρ of these wafers may come from 
unintentional doping arising from contamination (crucible, feedstock, ambient during growth) or other sources 
(residual TD arising from the crystallisation step, intrinsic point defects and related complexes). As the wafers were 
taken from adjacent positions, they feature very close interstitial oxygen concentrations ([Oi]). Upon 450°C anneals, 
the wafers conductivity rapidly changed to n-type due to TD generation. The evolution of the ρ then followed: 
 
                                      (1) 
 
 
 
Where μe- is the majority electron mobility computed using Arora’s model [2]. The inputs in Arora’s model are 
the temperature (T=291K in our case) and the effective scattering centers concentration (Neff=4×[TD] due to the 
double donor character of TD [3]). Note that the residual hole concentration (presidual) could be safely neglected in 
Eq.1 since it is orders-of-magnitude lower than the intentional doping from TD. It has been shown that the term 
[TD](t) is very highly dependent on the interstitial oxygen content ([Oi]) [4]. To model this dependence of [TD](t) 
on [Oi] at 450°C we used an internal model based on intensive measurements of the TD generation rate on a wide 
range of [Oi], as met in commercial wafers. The value of the [Oi]in the studied wafers which was fed in the latter 
model was derived from the experimental change in ρ before/after a 1 hour anneal on a first sacrificial wafer of the 
group, using Eq. (1). Note that it is the same procedure as that used in the Oxymap technique to accurately map [Oi] 
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on wafers and ingots [5]. This procedure yielded [Oi]=5.0x1017 cm-3, in good agreement with what is expected in 
MCz wafers [6]. 
2.2. Characterization of the produced wafers 
Using now Eq.(1) calibrated with this [Oi], the required anneal durations (t) to achieve the desired ρ, in the range 
1-400 Ω.cm, were calculated from the calibrated model (solid black line in fig. 2a). Note that the calculated 
durations (up to around 200hr), may appear long but could be drastically reduced in Oi-richer materials, e.g. in 
commercial Cz wafers. The different 450°C anneals were performed in a clean furnace under an inert atmosphere to 
avoid unintentional contamination. 
Fig.2 a) shows that a wide range of ρ could be obtained from 367 Ω.cm down to 1.2Ω.cm (see blue dots). A very 
tight (<10% spatial variation) control of the radial ρ uniformity was also achieved (fig. 2 b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 . (a) predicted and measured (4 point probe) evolution of the wafer ρ. Each point corresponds to a group of 4 wafers ; (b) Obtained radial 
variation on a 4.4 Ω.cm TD-doped wafer. 
3. Silicon heterojunction cells 
3.1. Solar cells precursors characterization 
After the various ρ adjustments, a first evaluation of the wafers electrical quality was carried out on SHJ cell 
precursors. Two wafers from each ρ were passivated using 40nm thick intrinsic amorphous silicon layers (a-Si:H) to 
allow the effective lifetime (τeff), using a Sinton WCT 120.  
Fig. 3 shows the τeff measurements on all studied wafers. For comparison, the τ data for a typical Float Zone (FZ) 
reference sample as well as a typical “good”Cz sample are also depicted. The upper lifetime limit due to intrinsic 
recombination channels is also plotted (black line) for 3Ω.cm material from [7]. As it can be observed, τeff greater 
than 2.5 ms were achieved at an injection level of 3×1015 cm-3 with a remarkable stability at lower injection. The 
poor value on the most TD-doped wafer is related to the existence of “late” TD families that were generated to lower 
the ρ down to 1.2 Ω.cm ([TD] greater than around 1015cm-3), and which were proven to be more recombination 
active [8,9]. 
Finally, for ρ over 4.4Ω.cm, the τeff measured on the TD-doped wafers were to our knowledge higher than – or at 
least comparable to - what is usual for standard Cz wafers for high efficiency devices. 
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Fig. 3. Injection-dependent τeff on the elaborated TD-doped wafer, for different ρ, measured by Photoconductance Decay (transient mode). 
3.2. Solar cells characterization 
Along with the electrical quality evaluation, two wafers from each ρ were processed into complete SHJ solar 
cells with (i)/(p) a-Si:H emitter and (i)/(n) a-Si:H layers in the front and the bask surface respectively. Details on the 
process can be found elsewhere [10] with the only difference that wafers with surfaces states non-optimized 
regarding the process (CMP surfaces) were used here (indeed, for this study, the only undoped wafers available had 
a CMP surface). The SHJ process is particularly adapted to the use of TD-doped wafers as it involves low 
temperature (<200°C) steps and therefore allows to retain TD in the bulk (TD are unstable above 600°C [11]).    
Fig.4 a) shows the normalized solar cells parameters for all processed wafers under standard test conditions 
(AM1.5G, 25°C, 1000W.m²).  
First, it is important to notice that the variability in short circuit density (Jsc) is not only due to the ρ variations but 
also to the poor compatibility of our cell process with respect to CMP surfaces. The FZ reference efficiency is 
around 17.8% that is much lower the 21% achieved with textured substrates [12]. Although the followed trend is the 
expected one (Jsc increases upon ρ increase) it nevertheless requires duplication on our textured wafers.  
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 4. (a)  Normalized IV parameters of solar cells with various bulk ρ;  (b) variation of the FF with the illumination for various ρ (values of FF 
normalized to the value at 1 sun). For each figures, red dots and lines represent 3Ω.cm Fz-Si solar cells. 



  





	









  







	











  








	








  








	












 

ρ (Ω.cm) a)
 Frédéric Jay et al. /  Energy Procedia  55 ( 2014 )  533 – 538 537
Moreover, for the lowest ρ (1.2 Ω.cm) the open circuit voltage (Voc) is much lower since it is mainly impacted by 
the high bulk recombination (see Fig.3). Solar cells with higher ρ (τeff>2 ms) exhibit Voc equivalent to the reference 
FZ cells. For ρ close to the reference, comparable efficiencies were obtained suggesting that TD-doped wafers are 
compatible with the requirements of our Si-HJ technology to guarantee high efficiencies. Note that the 
measurements of fig.4a were done prior to this stability test presented hereafter. 
It is worth mentioning that fill factor (FF) is suffering no detectable reduction even at 367 Ω.cm, which could 
first appear surprising. This stems from the very high injection level achieved under standard test conditions that 
strongly lowers the ρ  and thus limits the resistive losses within the substrate. The FF stability for illumination lower 
than 1sun was tested (fig. 4b). For the high-ρ wafer (black dots), the FF remains stable until 0.2sun where it begin to 
significantly drop due to the increase in the wafer ρ. For ρ close to the reference (blue dots), the continuous increase 
of the FF can be explained by a reduction of the resistive losses in the front side metallization with the reduction in 
Jsc. 
The stability of the 4.4 Ω.cm cell Voc was tested under 0.5sun illumination at 60°C during 20 days. (Fig. 5) shows 
a continuous and still uncompleted increase in Voc mainly due to an improvement of the passivation quality from the 
a-Si:H layers (also observed on the reference cell). We conclude that no significant degradation of the electrical 
quality of the cell (and thus of the bulk) can be noticed under the experimental conditions and the time scale 
investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Stability test of the Voc value  on a  4.4Ω.cm cell under 0.5sun at 60°c during 20 days. 
 
4. Conclusion and outlook 
In this work, a model of resistivity adjustment through the controlled thermal donor generation was detailed and 
validated and solar cells and precursors, based on TD-doped MCz wafers of fine-tuned resistivities, were fabricated. 
Very high bulk lifetimes were measured and the obtained cell efficiencies were comparable to those of “high 
quality” FZ-Si solar cells. The performances of the cells were additionally proven to be stable under prolonged 
illumination à 60°C. 
The obtained results demonstrate the compatibility of the TD-doping technique with the achievements of multi-
milliseconds lifetimes. They additionally show that the use of TD-doped Cz-Si matches the requirements of the SHJ 
technology in terms of electrical properties quality and stability. This is all the more true that with this doping 
method the ρ of all incoming Cz wafers can be pinned to a desired value, thereby suppressing a key variable 
parameter in the cell process. 
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In the future, our aim is to duplicate this study on Cz-Si. To this end, a Cz ingot was already crystallized from a 
feedstock without any deliberately added dopants. The as-cut wafers from this ingot will be ρ adjusted using the 
method presented here and will be subsequently processed into SHJ solar cell process (including this time the 
texturization step). 
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